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To explain the disappearance of medial edge epithelial (MEE) cells during palatal fusion, programmed cell death,
epithelial–mesenchymal transformation, and migration of these cells to the oral and nasal epithelia have been proposed.
However, MEE cell death has not always been accepted as a mechanism involved in midline epithelial seam disappearance.
Similarly, labeling of MEE cells with vital lipophilic markers has not led to a clear conclusion as to whether MEE cells
migrate, transform into mesenchyme, or both. To clarify these controversies, we first utilized TUNEL techniques to detect
apoptosis in mouse palates at the fusion stage and concomitantly analyzed the presence of macrophages by immunochem-
istry and confocal microscopy. Second, we in vitro infected the MEE with the replication-defective helper-free retroviral
vector CXL, which carries the Escherichia coli lacZ gene, and analyzed b-galactosidase activity in cells after fusion to follow
heir fate. Our results demonstrate that MEE cells die and transform into mesenchyme during palatal fusion and that dead
ells are phagocytosed by macrophages. In addition, we have investigated the effects of the absence of transforming growth
actor b3 (TGF-b3) during palatal fusion. Using environmental scanning electron microscopy and TUNEL labeling we
compared the MEE of the clefted TGF-b3 null and wild-type mice. We show that MEE cell death in TGF-b3 null palates is
reatly reduced at the time of fusion, revealing that TGF-b3 has an important role as an inducer of apoptosis during palatal
usion. Likewise, the bulging cells observed on the MEE surface of wild-type mice prior to palatal shelf contact are very rare
n the TGF-b3 null mutants. We hypothesize that these protruding cells are critical for palatal adhesion, being
morphological evidence of increased cell motility/migration. © 2000 Academic Press
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The development of the secondary palate in mammals
divides the primitive stomatodeum into separate oral and
nasal cavities. This is achieved by outgrowth of bilateral
palatal shelves from the medial part of the maxillary
processes at E12 in mice. By E13, these palatal shelves have
grown vertically down the sides of the tongue. At E14, the
shelves elevate to a horizontal position above the dorsum of
the tongue, approximate to each other, and contact in the
midline at E14.5. A multilayer epithelial seam is formed by
the fusion of the opposing epithelia covering the tips of the
palatal shelves (medial edge epithelium, MEE) (Farbman,
1969; Hayward, 1969). This epithelial seam thins to become
two and then one cell thick, whilst at the same time MEE
cells accumulate at its oral and nasal ends to form two
epithelial triangles (Carette and Ferguson, 1992a). Finally, “
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.he epithelial seam disintegrates into small islands of
pithelial cells still surrounded by a basal lamina (Sun et al.,
998a). By E15, only mesenchymal cells are observed in the
idline of the palate, epithelial remnants having com-
letely disappeared.
Many investigations have been conducted into the cellu-
ar mechanisms by which the midline epithelial cells dis-
ppear, but these studies have reached different conclu-
ions. One of the three major proposed mechanisms to
xplain the disappearance of the MEE seam is programmed
ell death (Clarke, 1990). Cell death was first suggested
fter TEM studies showed dense bodies, autophagic vacu-
les, and lysosomes in the midline epithelial seam cells
Pourtois, 1966; De Angelis and Nalbandian, 1968; Farb-
an, 1969; Hayward, 1969; Smiley, 1970). However, Fitch-
tt and Hay (1989) detected only ultrastructurally
healthy” cells in this location and concluded that the only
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344 Martı´nez-A´lvarez et al.dead cells observed during palatal fusion are the superficial
peridermal cells that are not shed properly in the posterior
part of the palate and are trapped between the shelves.
Likewise, Gartner et al. (1978a,b) provided histochemical
vidence for the metabolic integrity of MEE cells. The
resence of cell death during palatal shelf fusion has re-
ently been dismissed (Shuler et al., 1991, 1992; Griffith
nd Hay, 1992; Hay, 1995; Sun et al., 1998a), despite Mori et
l. (1994) in mice and Taniguchi et al. (1995) in rats, using
dT-mediated dUTP nick-end labeling (TUNEL) (Gavrielli
t al., 1992), undoubtedly demonstrating many apoptotic
ells in the midline epithelial seam. However, these studies
iffer regarding the onset of programmed cell death: in one
ase apoptosis is reported throughout the process of palatal
usion (Taniguchi et al., 1995) whilst in the other is re-
orted only during the phase of midline epithelial seam
reakdown (Mori et al., 1994).
Transformation of the midline epithelial cells into mes-
nchyme (Fitchett and Hay, 1989; Shuler et al., 1991, 1992;
riffith and Hay, 1992; Hay, 1995) or, alternatively, their
igration to palatal oral and nasal epithelial triangles and
pithelia (Carette and Ferguson, 1992a) are the two other
ajor mechanisms suggested to explain the disappearance
f MEE cells. Labeling with lipophilic cellular markers (DiI
r CCFSE) has been used to determine the fate of MEE cells.
he use of fluorescent markers has become very frequent in
he analysis of cell fate during embryonic development
Servedzija et al., 1990; Schoenwolf et al., 1992; Sulik et al.,
994), but it has likewise led to controversial conclusions in
everal organs, as, for example, in the developing hindbrain
Birgbauer and Fraser, 1994; Fraser et al., 1990). The poten-
ial diffusion of the marker to unlabeled cells, its fading
fter a few cell cycles (Carette and Ferguson, 1992a), differ-
nt dye labeling intensities, dye spreading when embryos
re sectioned (Garton and Schoenwolf, 1996; Ruiz i Altaba
t al., 1993), or phagocytosis of dying labeled cells by
nlabeled cells could result in different interpretations
egarding the fate of MEE cells.
Transforming growth factor b3 (TGF-b3) is strongly ex-
ressed in the MEE during palatal fusion (Fitzpatrick et al.,
990; Pelton et al., 1990; Cui et al., 1998). TGF-b3 belongs
o a large family of polypeptides exhibiting sequence ho-
ology and a broad range of regulatory activities, including
ontrol of cell proliferation, regulation of extracellular
atrix deposition, cell migration, and differentiation, and
pithelial–mesenchymal transformation (Roberts and
porn, 1990; Miettinen et al., 1994). TGF-bs are also known
to kill cells, particularly of epithelial lineage (Sporn et al.,
1987). Since TGF-b3 blockade in vitro prevents palatal
usion, which is rescued by adding TGF-b3 to the culture
medium (Brunet et al., 1995; Kaartinen et al., 1997) and
TGF-b3 null mice show cleft palate (Proetzel et al., 1995;
Kaartinen et al., 1995), an important role for TGF-b3 in
alatal fusion has been proposed. It has recently been
uggested that TGF-b3 disintegrates the MEE basement
membrane (Kaartinen et al., 1997) and induces epithelial–
mesenchymal transformation in MEE cells (Sun et al.,
Copyright © 2000 by Academic Press. All right998b), but none of the other previously proposed mecha-
isms for MEE disappearance nor any other action of
GF-b3 has been investigated in the TGF-b3 null mutant
palates to date.
To investigate the controversies regarding the mecha-
nisms of MEE disappearance during palatal fusion, we
applied TUNEL labeling techniques to palates at the fusion
stage and analyzed the presence of macrophages by immu-
nochemistry and confocal microscopy. To investigate
whether MEE cells undergo epithelial–mesenchymal trans-
formation, we have in vitro infected MEE cells with the
replication-defective helper-free retroviral vector CXL,
which carries the Escherichia coli lacZ gene (Mikawa et al.,
1991), and analyzed b-galactosidase activity in cells after
usion. Finally, we used environmental scanning electron
icroscopy (ESEM) and TUNEL labeling to compare the
EE of E14 and E15 TGF-b3 null and control mice in order
o investigate the role of TGF-b3 in palatal fusion. Our
esults demonstrate, for the first time, that MEE cells die,
igrate, and transform into mesenchyme during palatal
usion and that dead cells are phagocytosed by macrophages
nd mesenchymal cells. Furthermore, TGF-b3 induces MEE
ell death and morphological changes in the MEE indicative
f motility that favors the contact, adherence, and interca-
ation of MEE seam cells.
MATERIAL AND METHODS
Animals. Albino Swiss (CD1) or TGF-b3 heterozygous mice
ere mated and the day of detecting a vaginal plug was designated
ay 0. Timed pregnant mice were killed by an overdose of
hloroform and the embryos removed by caesarian section, placed
n cold Hanks’ balanced salt solution, and decapitated. The jaw and
ongue were removed. Embryo extraction was performed under a
aminar flow hood under sterile conditions for labeling with CXL
etrovirus and culture experiments. TGF-b3 transgenic embryos
ere obtained from the Manchester colony and genotyping was
erformed as described in Proetzel et al. (1995).
Detection of apotosis. Three E14, four E14.5, and three E15
lbino Swiss and four E15 TGF-b3 null mouse heads were fixed in
4% paraformaldehyde, embedded in paraffin, and sectioned at 6
mm. Four whole-mount 4-day Albino Swiss mouse palate cultures
were processed for b-galactosidase (b-gal) activity and subsequently
were paraffin embedded and sectioned. Dewaxed sections were
labeled with TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling), using the In Situ Cell Death
Detection Kit—POD (Boehringer Manheim), according to instruc-
tions from the manufacturer. Positive controls were performed by
treating sections with DNAse I. Sections were studied using a
Nikon Optiphot light microscope and photographed with a Nikon
FX 35A camera.
Immunohistochemistry. All palatal TUNEL-positive sections
from three E14.5 Albino Swiss mice were incubated with diluted
blocking serum (Vectastain ABC-AP kit, Vector). The macrophage
marker F4/80 (Serotec) was incubated on the tissue overnight at
4°C (dilution, 1:100). The immunizing epitope corresponds to a
160-kDa macrophage-specific cell surface glycoprotein. Incubation
was followed by the addition of an anti-rat biotinylated secondary
antibody (dilution, 1:200) and the Vectastain ABC-AP reagent
s of reproduction in any form reserved.
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345Palatal Fusion(Vector), following the manufacturer instructions. The presence of
alkaline phosphatase was revealed by the addition of Vector-Red
Alkaline Phosphatase substrate (Vector), demonstrating the loca-
tion of the antigen. Fluorescence in the sections was visualized
using a helium–neon laser tuned to 543 nm in a confocal micro-
scope MRC-1024 (Bio-Rad, Hempstead, UK), with an emission
filter BP 603/32 nm. The software applied was Lasergraphics 3.0.
In vitro labeling of palatal MEE cells with the CXL retrovirus.
CXL is a replication-defective derivative of spleen necrosis virus
that encodes b-gal and has been shown not to disrupt normal
development (Mikawa et al., 1991). CXL was obtained from super-
atant of stable D17.2g/CXL dog producer cells. Viral titer (4 3 105
CFU/ml) was determined on 3T3 fibroblasts and all viral stocks
were verified to be free of contamination with the replication
competent helper virus as described (Cepko et al., 1993).
Palatal shelves from 14 E13 Albino Swiss mouse heads were
issected under sterile conditions in 1/1 Dulbecco’s modified
agle’s medium (DMEM/F12) and maintained in DMEM/F12 1 2%
etal calf serum (FCS) for 2 h at 37°C in a 5% CO2 incubator. Palatal
shelves were then placed on 2 3 2-mm Millipore filters (0.8-mm
pore size) in pairs, slightly separated from each other, in Trowell’s
tissue culture with DMEM/F12 1 2% FCS 1 1% ascorbic acid.
everal microdrops of CXL supernatant with 10% polybrene were
laced by microinjection between palatal shelves using a 30-mm-
iameter glass micropipet. The supernatant remained in contact
onger with the MEE by means of a sterilized plastic device stuck
n the Millipore filter. Infections were repeated twice with an
nterval of half an hour and cultures were left for 3 h to ensure CXL
etrovirus infection. Paired palatal shelves were then washed in
MEM/F12 and placed in close contact to allow fusion. Medium
as replaced by DMEM/F12 1 1% ascorbic acid and cultures were
ncubated for 1 or 4 days. Cultured palates were collected and fixed
or 2 h at 4°C in 4% paraformaldehyde in PBS, washed, and
aintained in PBS/2 mM MgCl2 at 4°C. The b-galactosidase
ctivity was developed with an X-gal mixer (5-bromo-4-cloro-3-
ndoyl-b-D-galactopyranoside, 1 mg/ml, in reagent buffer. Reagent
buffer: 35 mM K3(CN)6Fe, 35 mM K4(CN)6Fe, 5 mM MgCl2, 0.02%
onidet P-40, 0.01% sodium deoxycholate in PBS), at 37°C for 2–3
and then washed in PBS. Six 1-day and 8 4-day b-gal-positive
palate cultures were studied.
Environmental scanning electron microscopy. The developing
palates of 12 E14 (two 1/1, six 1/2, and four 2/2) and 20 E15 (six
/1, eleven 1/2, and three 2/2) mice, derived from mating
GF-b3 heterozygous (1/2) mice, were examined. Heads were
xed in 0.1 M sodium cacodylate-buffered 1% glutaraldehyde (pH
.3) for 1 h at 4°C. Samples were stored in 0.1 M sodium cacodylate
uffer (pH 7.3) at 4°C until examined. Prior to scanning, samples
ere rinsed in distilled water to remove any component of the
reviously used solutions. Scanning electron microscopy was per-
ormed using an environmental scanning electron microscope
ESEM, Electro Scan, UK). Water vapor was used inside the speci-
en chamber, at a pressure of 6.4 Torr and at 8°C, in order to
aintain 100% humidity on the surface of the sample. Photo-
raphs were taken with a Nikon P30T camera connected to the
SEM.
Histological preparation. Six E14.5 TGF-b3 1/1 and six E15
TGF-b3 2/2 mouse heads were fixed in 4% paraformaldehyde and
embedded in paraffin. Six-micrometer-thick sections were cut and
hematoxylin and eosin staining was performed following standard
procedures. b-Gal-positive palate cultures were embedded in par-
ffin and the 6-mm-thick sections counterstained with eosin.
Copyright © 2000 by Academic Press. All rightSections were studied using a Nikon Optiphot light microscope
and photographed with a Nikon FX 35A camera.
RESULTS
Many MEE Cells Die during Palatal Fusion
TUNEL labeling was persistently negative in the MEE of
E14 palatal shelves (data not shown), when there is still no
fusion of any part of the palate. However, at E14.5, when
fusion has just started, we found some TUNEL-positive
cells in the thickness of the almost contacting opposing
MEE (Figs. 1a–1c), but very few were labeled on the MEE
surface (Fig. 1a), where most bulging cells were TUNEL
negative (Figs. 1a and 1b).
The just formed midline epithelial seam is multilayered
(Figs. 1d–1f) and, as the palate expands oral and nasally, it
becomes two (Fig. 1g) and one (Fig. 1h) layer thick, whilst
the disappearance of parts of the seam leaves islands of
epithelial clumps (Fig. 1i). We observed a significant
amount of TUNEL-positive cells in the epithelial seam
(Figs. 1d–1h), in the epithelial triangles (Figs. 1d–1i), and in
the oral and nasal epithelia, lateral to the epithelial tri-
angles (Figs. 1e and 1g). In some sections, TUNEL-positive
cells were abundant (Fig. 1h), suggesting that programmed
cell death is extensive over the entire area of palatal fusion.
However, we did not observe a uniform distribution of dead
cells in the midline epithelial seam, as the epithelial islands
were usually TUNEL negative (Fig. 1i).
TUNEL-positive cells were observed in the mesenchyme
adjacent to the MEE immediately prior to (Fig. 1c) and
during (Figs. 1e–1h) palatal fusion. Most TUNEL-positive
mesenchymal cells appeared as single cells separated from
but close to the epithelial seam, islands, or triangles (Figs.
1e–1h). The TUNEL-positive mesenchymal cells either
resembled macrophage/phagocytic cells or fibroblasts (Figs.
1e–1h).
This pattern of TUNEL labeling in the midline epithelial
seam and adjacent mesenchyme was observed in the poste-
rior (Figs. 1d, 1e, and 1g), middle (Fig. 1h), and anterior (Fig.
1f) parts of the palate. TUNEL labeling of E15 palates
revealed no apoptotic cells in the mesenchyme and only a
few in the oral and nasal epithelia (data not shown).
Double labeling with TUNEL and the F4/80 antibody,
directed against a macrophage-specific cell surface glyco-
protein, showed the presence of macrophages near the
midline epithelial seam by the time of its breakdown (Figs.
2a–2c), engulfing several TUNEL-positive cells (Fig. 2c).
However, other TUNEL-positive cells seen in the mesen-
chyme did not stain positive for the F4/80 marker (Figs. 2d
and 2e).
Taken together, these results indicate that apoptosis
occurs in the MEE both before the contact of palatal shelves
and in the midline epithelial seam throughout palatal
fusion and further that dead cells are phagocytosed by
macrophages.
s of reproduction in any form reserved.
346 Martı´nez-A´lvarez et al.FIG. 1. Presence of cell death prior to and during fusion in an E14.5 Albino Swiss mouse partially fused palate. Panels a to c were taken
from the posterior part of the unfused palatal shelves. Panels d, e, and g come from the posterior part of the fused zone, while Panel f
corresponds to the anterior part. Panels h and i show sections taken from the middle zone of the fused palate. (a) When palatal shelves are
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
indicated (arrowheads). Bars: (a) 100 mm, (b–e) 50 mm.
347Palatal Fusionstill separated, dead cells are infrequent. Most of them are present within the epithelial layers (thin arrow) but are rare on the surface (thick
arrow). A superficial TUNEL-negative bulging cell is indicated by the arrowhead. (b) Most bulging cells on the MEE are TUNEL negative
(arrowheads), whilst TUNEL-positive cells appear in the layers of the epithelium (arrows). (c) Just prior to contact between the palatal
shelves, TUNEL-positive cells are observed in the mesenchyme close to the MEE (arrowheads). Apoptotic cells are present in the MEE
(arrow). (d) When contact between palatal shelves is first established, a significant amount of TUNEL-positive cells (squared area) are
observed in the midline epithelial seam. (e) As the midline epithelial seam thins, more dead cells are observed in the mesenchyme (filled
arrows), some of them in close contact to the epithelial seam or epithelial triangles (arrowheads). Dead cells are also seen in the nasal
epithelium (empty arrow). (f) A section taken from the anterior part of the fused palate demonstrates TUNEL-positive cells in both the
midline epithelial seam and the oral epithelial triangle (arrowheads). (g) Several dead cells are observed in the mesenchyme adjacent to the
epithelial seam by the time of seam breakdown (filled arrows); some of them in close contact to it (arrowheads). Dead cells are also present
in the oral epithelium (empty arrow). (h) As fusion progresses, cell death increases in the epithelial islands and epithelial triangles. Dead
cells are still present in the mesenchyme close to the epithelial seam (arrow). (i) Some sections show no dead cells in the epithelial islands
(arrowheads) during seam breakdown. MEE, medial edge epithelium; ES, epithelial seam; ET, epithelial triangles; M, mesenchyme. Bar, 50FIG. 2. E14.5 mouse palatal sections double-labeled with TUNEL and the macrophage marker F4/80. Panels b and c are high-power
photographs of the square in Panel a. Panels a to c and Panel e are confocal microscopy images. Panel d is a light microscopy image. (a) A
F4/80-positive macrophage (square) is observed in the mesenchyme close to the midline epithelial seam (arrow). Arrowheads indicate
several autofluorescent red blood cells. (b) High-power image of the fluorescent F4/80-positive macrophage in Panel a (arrows). The
arrowhead indicates the nucleus of the macrophage. (c) The confocal image without fluorescence shows the boundaries of the macrophage
(arrows). Note the nucleus of the macrophage (arrowhead) surrounded by several TUNEL-positive cells. (d) In the mesenchyme close to an
epithelial island (empty arrow) and an epithelial triangle (*), TUNEL-positive cells are observed (filled arrows). Arrowheads indicate red
blood cells. (e) The TUNEL-positive cells indicated in Panel d are F4/80 negative (filled arrows). Autofluorescent red blood cells aremm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
p
e
3
o
M
c
w
L
r
d
m
t
m
u
t
c
c
p
b
t
m
c
T
l
c
i
m
p
w
i
a
p
o
o
(
e
c
s
c
i
e
T
t
d
348 Martı´nez-A´lvarez et al.MEE Cells Transform into Mesenchyme during in
Vitro Palatal Fusion
The MEE of E13 palatal shelves was in vitro infected with
the CXL retrovirus vector to investigate their developmen-
tal fate. Histochemistry for b-gal expression in both 1- and
4-day palate cultures revealed clusters of labeled cells along
the line of MEE contact (Fig. 3a and Table 1), indicating that
the MEE had been infected by CXL and expressed
b-galactosidase. After 1 day in culture, palatal shelves were
adherent and a two-cell-thick epithelial seam was present
in the midline (Fig. 3b). Most palates showed fusion in some
sections (Table 1). Following 4 days in culture, all palatal
shelves had fused, but remains of the epithelial seam still
persisted in a few places (Fig. 3c). Some MEE cells showed
b-gal-positive labeling, either in the epithelial seam of
1-day-cultured palates (Fig. 3b) or in fragments of persistent
epithelial seams in four-day cultures (Fig. 3c). b-Gal-
ositive cells were never found in the basal layer of the
pithelial seam (Table 1). Some oral (Fig. 3d) and nasal (Fig.
c) epithelial cells were also b-gal positive but were located
nly in the most superficial layers of these epithelia.
esenchymal b-gal-positive staining was never seen in the
immediate contact zone of MEE labeled cells of intact
midline epithelial seams.
All 4-day fused palate cultures showed b-gal-positive
ells in the mesenchyme forming small clusters in the area
here fusion had previously occurred (Figs. 3d and 3e).
abeled cells were also found integrated in the condensed
egions of prechondrogenic mesenchyme and located some
istance from the midline (Fig. 3d). At high magnification,
esenchymal b-gal-positive cells were seen forming clus-
ers separated by mesenchymal b-gal-negative cells (Fig. 3f).
The presence of isolated b-gal-positive cells was rare. The
orphology of these cells was indistinguishable from their
nlabeled neighbors and showed a stellate morphology
ypical of mesenchymal cells (Fig. 3f). Some labeled mesen-
hymal cells were present at the nasal side of the culture in
lose contact with the Millipore filter (Fig. 3c) and were
robably the result of CXL retrovirus labeling of the explant
oundaries.
We performed TUNEL labeling on b-gal-positive palates
o determine whether the labeled cells observed in the
esenchyme were alive or phagocytosed MEE apoptotic
ells. We consistently found no simultaneously b-gal- and
UNEL-positive cells (Fig. 3g), demonstrating that the
abeled mesenchymal cells observed are all alive and do not
ontain apoptotic bodies.
These results indicate that some MEE cells transform
nto a mesenchymal phenotype during palatal fusion.
The Absence of TGF-b3 Alters the MEE Surface at
the Onset of Palatal Fusion and Reduces
MEE Cell Death
Observation of E15 TGF-b3 2/2 palates with ESEM
revealed anterior–posterior clefts (Fig. 4a), when most wild-
type mice have completed palatal fusion. Visualization of
Copyright © 2000 by Academic Press. All rightthe MEE surface at the posterior part of E14 and E15 palatal
shelves showed significant differences among TGF-b3 2/2
and 1/1 embryos. In E14 wild-type animals most cells were
bulging on the MEE surface (Fig. 4b), whilst they were very
rare in the TGF-b3 null mice (Fig. 4c). This difference was
ore evident at E15, when the MEE covering the most
osterior end of the palatal shelves in almost totally fused
ild-type palates (Fig. 4d) was compared to the MEE cover-
ng the cleft on TGF-b3 2/2 palates (Fig. 4e). The MEE
surface of E13 palatal shelves was flat both in TGF-b3 1/1
nd 2/2 palates (data not shown).
Histological sections taken from wild-type mice imme-
diately before the contact of palatal shelves showed mul-
tiple bulging cells on the MEE surface (Fig. 5a), as was seen
with ESEM. In these mice, as soon as the opposing MEE
contact, a solid and thick epithelial seam appears (Fig. 5b).
However, when the medial edge epithelia of TGF-b3 null
alates contact initially, the multilayered epithelial seam
bserved in controls is not formed and, interestingly, the
nly union points are the few bulging cells on their surfaces
Fig. 5c). Even when the midline epithelial seam is fully
stablished, isolated contacts between superficial bulging
ells were observed (Fig. 5d and 6a). This process is impos-
ible to observe in wild-type palates.
These few bulging cells seen in the TGF-b3 null embryos
are all TUNEL negative (Fig. 5d; as in controls, Fig. 1b).
TUNEL labeling of the limited fused part of E15 TGF-b3
null palates showed small epithelial triangles at the ends of
thin epithelial seams (Fig. 6a) or, alternatively, short mul-
tilayered epithelial seams without triangles (Fig. 6b). There
was a marked decrease in cell death in both the midline
epithelial seam (Fig. 6b) and the epithelial triangles (Fig. 6a)
compared to that found in wild-type palates (Figs. 1d–1h),
although the number of cells undergoing fusion was also
greatly reduced in the TGF-b3 2/2 palates. Very few dead
ells were observed in the MEE covering the palatal shelves
n the cleft, both at the surface and in the thickness of the
pithelium (Figs. 6c and 6d).
These observations demonstrate that the absence of
GF-b3 alters the palatal MEE as early as E14, preventing
he superficial cells from bulging and interlocking properly
uring adhesion of the opposing MEE. Absence of TGF-b3
and failure of palatal fusion are also associated with practi-
cally absent MEE programmed cell death.
DISCUSSION
MEE Cells Die Just Prior to the Contact of Palatal
Shelves and throughout MEE Fusion
TUNEL labeling of E14 and E14.5 Albino Swiss mouse
palates demonstrated apoptotic cells in the thickness of the
still unfused MEE immediately prior to their fusion, as was
reported by Taniguchi et al. (1995) in rats. Thus, as sug-
gested by Ferguson and Honig (1984) and Taniguchi et al.
(1995), our data confirm that contact between palatal
shelves is not necessary to trigger cell death in the MEE.
s of reproduction in any form reserved.
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349Palatal FusionInstead, some MEE cells may receive the signal to die before
fusion. This early death of MEE cells may facilitate epithe-
lial remodeling to present an increased surface area for
fusion and decrease the total number of MEE cells prior to
seam formation.
Very few cells on the MEE surface were apoptotic. This
finding is in contradiction of Fitchett and Hay (1989) who
proposed that the only cell death occurring in the midline
epithelial seam was that suffered by the surface peridermal
cells, which do not slough off in the posterior part of the
palate (Waterman et al., 1973; Waterman and Meller, 1974)
nd are trapped during palatal shelf contact. Although some
lassic ultrastructural studies found dense bodies and/or
hagolysosomes in surface MEE cells (Smiley, 1970; Farb-
an, 1969; Hayward, 1969), others reported that these cells
ere alive (DeAngelis and Nalbandian, 1968; Gartner et al.,
978a,b). Our results suggest that cells in all parts of the
EE undergo programmed cell death. Given that very few
ulging cells were apoptotic, it is unlikely that these cells
re being removed in preparation for fusion—indeed evi-
ence suggests that these cells are critical for normal fusion
see later). Our data clearly indicate that MEE cells at all
evels undergo programmed cell death and not just surface
eridermal cells, in disagreement with the results reported
y Fitchett and Hay (1989).
Although classic ultrastructural studies showed many
ense bodies and cellular shrinkage in the midline epithe-
ial seam (Smiley, 1970; Farbman, 1969; DeAngelis and
albandian, 1968; Hayward, 1969) and epithelial triangles
Hayward, 1969) and the reports both from Mori et al. (1994)
n mouse and Taniguchi et al. (1995) in rats demonstrated
bundant TUNEL-positive cells in that location, pro-
rammed cell death is not currently recognized as an
ssential mechanism to remove MEE cells during palatal
usion (Fitchett and Hay, 1989; Shuler et al., 1991, 1992;
TABLE 1
Numbers of Palatal Cultures Showing b-Gal-Positive Cells
after CXL Infection
1-day
cultures
4-day
cultures
otal number of infected palates 6 8
ompletely or partially fused palates 5 8
abeled cells in the MEE basal layer 0 0
abeled cells in the thickness of the MEE 4 6
abeled cells in the MEE superficial layer 3 4
abeled cells in the oral epithelium 3 8
abeled cells in the nasal epithelium 2 8
abeled cells in the epithelial triangles 0 2
abeled cells in the mesenchyme
In the fusion line 1 8
Distant from the fusion 0 1
abeled cells in the cartilaginous anlage 0 2riffith and Hay, 1992; Hay, 1995; Sun et al., 1998a). We
Copyright © 2000 by Academic Press. All rightbserved a significant number of TUNEL-positive cells in
he epithelial seam, the epithelial triangles, and the oral and
asal epithelia throughout the entire area of fused E14.5
ouse palatal shelves, indicating that extensive pro-
rammed cell death occurs over all zones of palatal fusion
nd that it is not just the result of trapped dead surface
eridermal cells (Fitchett and Hay, 1989). Indeed, the find-
ngs of this study indicate that most superficial cells are not
ead. Our results are more in agreement with those ob-
ained by Taniguchi et al. (1995) than with those obtained
y Mori et al. (1994), who only found TUNEL-positive cells
t the onset of epithelial seam breakdown. Although the
evelopment of the palate in rat and mouse differs in
everal aspects (Mato et al., 1972), the coincidence of our
esults in mice with those of Taniguchi et al. (1995) in rats
uggests that there are few differences between these two
pecies regarding programmed cell death, as previously
tated by Farbman (1969) and DeAngelis and Nalbandian
1968). More likely the speed of apoptosis and phagocytosis
ay vary, resulting in apparently different patterns.
We observed a few sections in which all the cells in an
pithelial island were all TUNEL negative. These may be
ells that will subsequently enter the apoptotic program
nd/or cells that will later transform into mesenchyme.
ections like these might have prompted some investiga-
ors to conclude that all midline epithelial cells are healthy
Fitchett and Hay, 1989; Griffith and Hay, 1992). Moreover,
UNEL may label cells that have entered the programmed
ell death pathway and fragmented their DNA with little
orphological evidence of cell death. Our results indicate
hat extensive epithelial cell death occurs during palatal
usion and is part of the mechanism to remove cells from
he midline epithelial seam and to remodel the oral and
asal epithelia.
Little is known about the induction of apoptosis during
alatal fusion. The c-fos oncogene is expressed in the MEE
uring contact and fusion of the palatal shelves (Smeyne et
l., 1993) and has been regarded as an apoptosis inducer, but
t is also involved in epithelial–mesenchymal transforma-
ion (Hay, 1995; Sun et al., 1998b), which also occurs in the
alate. Likewise, Msx1 may regulate apoptosis (Davidson,
995). Msx1 null mutant mice show clefts of the secondary
alate (Satokata and Maas, 1994; Houzelstein et al., 1997),
ut this may be due to altered craniofacial anatomy (Fergu-
on, 1994). TGF-b3 may be involved in the induction of
poptosis of the MEE (see below). However, our clear
emonstration of MEE cell death as an important mecha-
ism during palatal fusion should promote further investi-
ations of the mechanism of its induction.
As was also reported by Taniguchi et al. (1995) and Mori
et al. (1994), we found TUNEL-positive cells in the mesen-
chyme adjacent to the MEE and midline epithelial seam
immediately prior to and during palatal fusion. Mori et al.
(1994) observed that these TUNEL-positive cells were also
keratin negative and suggested that midline epithelial cells
may transform to mesenchyme before they die. However,
our results with double-labeling MEE cells in culture with
s of reproduction in any form reserved.
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350 Martı´nez-A´lvarez et al.FIG. 3. Transformation of the palatal MEE into mesenchyme demonstrated by labeling the MEE with the retroviral vector CXL in culture.
anels a and b are palates cultured for 1 day. Panels c to g are sections of palates cultured for 4 days. (a) b-Gal-positive cells (arrows) in the
fusion line of a cultured palate. (b) Two clusters of b-gal-positive cells are observed in the most superficial layers of the opposing MEE in
the epithelial seam (arrows). Notice that basal cells have not been infected by the virus. The boxed area is shown in the top right corner
at higher magnification. (c) Remains of the epithelial seam persisting in a 4-day culture, where a few clusters of b-gal-positive cells are
observed (arrows). The boxed area is shown in the top left corner at higher magnification. There are some labeled cells on the nasal side of
the culture in close contact to the Millipore filter (arrowhead) that are probably a labeling artifact. (d) After palatal fusion, b-gal-positive
cells are present in the mesenchyme (filled arrows). Some of them are present in cartilaginous anlage (empty arrow). Notice b-gal-positive
ells in the oral epithelium (arrowheads). (e) Mesenchymal b-gal-positive cells are observed in a line where palatal fusion occurred (arrows).
f) High magnification of palatal mesenchymal b-gal-positive cells. Arrows indicate fusiform fibroblast morphology b-gal-positive cells. (g)
ouble-labeling of palatal mesenchymal cells with CXL and TUNEL. A TUNEL-positive cell is indicated (arrowhead), whilst theb-gal-positive cells (arrow) are all TUNEL negative. Bars: (a) 200 mm, (b–e) 50 mm, (f, g) 20 mm.
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351Palatal Fusionthe retroviral vector CXL and TUNEL demonstrate that not
all transformed MEE cells die. The TUNEL-positive cells
observed by Mori et al. (1994) may be either mesenchymal
ells that undergo programmed cell death or have phagocy-
FIG. 4. Environmental scanning electron microscopy of E14 and
entral view of an E15 TGF-b3 null palate showing the anterior–
epithelial seam. (b) Most MEE superficial cells are bulging on a righ
null right palatal shelf only very few bulging cells are observed (arr
Abundant cells are bulging on the MEE surface. (e) MEE surface co
A few isolated bulging cells are indicated (arrows). Bars: (a) 200 mmosed neighboring dead MEE cells. Mesenchymal and even s
Copyright © 2000 by Academic Press. All rightpithelial cells play a phagocytic role during palatal fusion
Hinrichsen and Stevens, 1974; Smiley, 1970; Farbman,
969; Hayward, 1969). Double-labeling with the F4/80
ntibody and TUNEL revealed that most apoptotic cells
GF-b3 null (a, c, and e) and wild-type (b and d) mouse palates. (a)
rior cleft (C). PP, Primary palate; Pp, palatal process; R, ruga; S,
4 wild-type palatal shelf. (c) On the MEE surface of an E14 TGF-b3
(d) Posterior unfused right palatal shelf of an E15 wild-type mouse.
g the right palatal shelf at the cleft of an E15 TGF-b3 null palate.
e) 20 mm, (c) 10 mm, (d) 50 mm.E15 T
poste
t E1
ow).
verineen in the mesenchyme were not phagocytosed by differ-
s of reproduction in any form reserved.
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352 Martı´nez-A´lvarez et al.entiated macrophages. However, we observed the presence
of a few macrophages near the epithelial seam by the time
of its breakdown. Macrophages were apparently demon-
strated ultrastructurally (Chaudry and Shah, 1979; Hay-
ward, 1969; Pourtois, 1966; Brusati, 1969), but this may be
more indicative of phagocytosis by mesenchymal cells as
opposed to differentiated macrophages.
Taniguchi et al. (1995) reported the presence of scattered
FIG. 5. Hematoxylin and eosin-stained (a–c) and TUNEL-labeled (d
) mouse palates. (a) Abundant bulging cells are observed on the MEE
idline epithelial seam is formed just after contact of the palatal shelv
urface of TGF-b3 null palates are points of contact between the opp
negative (arrows). ES, epithelial seam; ET, epithelial triangle; M, mesead cells in the palatal mesenchyme after fusion. TUNEL
Copyright © 2000 by Academic Press. All rightabeling of E15 mouse palates did not lead us to the same
onclusion, as we have not observed a single TUNEL-
ositive cell in the mesenchyme of these palates.
MEE Cells Transform into Mesenchyme during
Palatal Fusion
Epithelial–mesenchymal transformation (EMT) is a well-
ions of E14.5 TGF-b3 wild-type (a and b) and E15 TGF-b3 null (c and
ce of a palatal process inmediately prior to fusion (arrows). (b) A thick
the wild-type embryos. (c) The few bulging cells observed on the MEE
epithelia (arrows). (d) The bulging superficial MEE cells are TUNEL
yme; MEE, medial edge epithelium. Bar, 50 mm.) sect
surfa
es in
osingdocumented phenomenon occurring during development
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightand adult homeostasis. EMT occurs during the remodeling
of embryonic tissues, e.g., the mammalian male Mu¨llerian
duct under the induction of Mu¨llerian-inhibiting factor
(Trelstad et al., 1982), or in the adult mammary, lung, and
kidney epithelia when appropriately cultured (Miettinen et
al., 1994). Palatal MEE transformation to mesenchyme has
been reported previously, but it was indirectly investigated:
MEE cells labeled in vitro (Shuler et al., 1991; Griffith and
Hay, 1992) or in vivo (Shuler et al., 1992; Griffith and Hay,
1992) with DiI (Shuler et al., 1991, 1992) or CCFSE (Griffith
and Hay, 1992) were observed in the postfusion mesen-
chyme as keratin-negative and vimentin-positive cells.
Likewise, the presence of fluorescent bodies in mesenchy-
mal cells of postfusion palates after MEE CCFSE labeling
was taken as an evidence of MEE cell EMT (Griffith and
Hay, 1992).
Replication-defective retrovirus vectors are an ideal cell
marker, as just one copy of the viral genome carrying the
reporter gene (lacZ) is stably integrated into the host ge-
nome. This will be inherited during mitotic divisions,
allowing lineage marking, but the crippled virus can not
infect adjacent cells. Retroviruses have been used to selec-
tively label cells in vitro and in vivo to follow their fate
(Herzlinger et al., 1992; Hughes and Blau, 1992; Fekete et
al., 1994; Imai et al., 1998), but they have never been used
before to trace the fate of palatal MEE cells. Here, the MEE
of E13 palatal shelves was infected with CXL retrovirus
vector in vitro. FCS was added to the medium prior to and
during the infections to promote DNA synthesis in MEE
cells, as this normally declines 24–36 h before palatal
fusion in vivo (Hudson and Shapiro, 1973) and retroviruses
do not integrate into postmitotic cells (Varmus et al., 1977).
FCS was omitted after the infections to allow palatal fusion.
We have used CXL as a cellular marker and employed high
titers and various infections to achieve the highest number
of MEE infected cells, since our aim was to discover
whether any MEE cells transform into mesenchyme. Each
b-gal-positive cluster observed in the mesenchyme could
come from one or more MEE cells infected at the same
time. Likewise, these cells could be the progeny of an
originally infected MEE cell, either as a result of MEE seam
proliferation (Fitchett and Hay, 1989) or subsequent mes-
enchymal proliferation. For these reasons, in addition to the
difficulty of ensuring that every cell (or even the majority of
cells) in the MEE is consistently infected and labeled, it is
impossible for us to quantify the extent of EMT during MEE
disruption or the subsequent final lineages of these cells.
However, as a result of the introduction of the lacZ gene
in MEE cells, we have identified originally labeled cells or
their progeny as fully integrated into the palatal mesen-
chyme after palatal fusion. Some of these cells were located
some distance from the midline indicating that they had
migrated. b-Gal-positive mesenchymal cells were never
bserved to be TUNEL-positive, demonstrating that MEE
nfected cells had successfully undergone EMT and that, at
he time points studied, all are not dead. It is possible thatFIG. 6. TUNEL labeling of E15 TGF-b3 mouse cleft palates.
Panels a and b are sections from the limited fused part of two
different palates, whilst Panels c and d belong to the clefted part of
the same palate. (a) The epithelial seam persists in the midline
(filled arrows). An apoptotic cell is observed in the epithelial
triangle that has formed at the end of the epithelial seam (arrow-
head). Notice the adhesion between two opposing bulging cells
(empty arrows). (b) A short and thick midline epithelial seam has
formed in the fused part of the palate (arrows), where three
apoptotic cells (arrowheads) are present. Epithelial triangles have
not formed at the oral and nasal ends of the epithelial seam. (c) Two
dead cells are seen in the abnormally thin medial edge epithelium
(arrows) of the unfused palatal shelves. (d) In the medial edge
epithelium of the separated palatal shelves in the cleft zone
apoptotic cells are rare (arrow). MEE, medial edge epithelium. Bars:EE that remain in the cell cycle transform into mesen-
s of reproduction in any form reserved.
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354 Martı´nez-A´lvarez et al.chyme (the viral labeling technique we used would favor
the labeling of such cells), whereas those that do not either
die or undergo epithelial migration.
There is no doubt, therefore, that some palatal MEE cells
transform into mesenchyme during palatal fusion. This
epithelial–mesenchymal transformation could be induced
by TGF-b3, since TGF-b3 is expressed in the MEE during
palatal fusion (Fitzpatrick et al., 1990; Pelton et al., 1990;
Cui et al., 1998) and is able to modify the morphology of
superficial MEE cells, as we demonstrate in this study.
TGF-b has been reported as an in vitro inductor of
pithelial–mesenchymal transformation in mammary,
ung, and kidney epithelial cells (Miettinen et al., 1994) and
GF-b3 induces phenotypic transformation of lipocytes
into myofibroblast-like cells during hepatic fibrosis and of
endothelium into mesenchyme during the formation of
endocardial cushion tissue (Brown et al., 1996).
The technique presented here did not allow us to conclu-
sively confirm palatal midline epithelial cell migration into
the oral and nasal epithelia (Carette and Ferguson, 1992a).
b-Gal-positive epithelial cells were observed in the oral and
nasal epithelia in some of the palatal cultures, in keeping
with such migration. However, such labeled cells could also
result from accidental contact of the supernatant contain-
ing virus during the infections, despite strenuous efforts to
limit such contact to the MEE. Therefore, it is impossible to
definitely conclude that the labeled oral and nasal epithelial
cells had migrated from the midline epithelial seam, but
this seems likely particularly in view of previous dynamic
fate mapping/cell tracking experiments utilizing DiI
(Carette and Ferguson, 1992a).
This study therefore indicates that programmed cell
death and epithelial–mesenchymal transformation occur
prior to and during mouse palatal fusion. Determination of
the relative quantitative contributions of each of these
processes to palatal MEE cell disappearance awaits further
investigations where every MEE cell can be reliably and
consistently labeled. Such future studies should also ad-
dress the question as to whether the fate of an individual
MEE cell is determined by its differentiated/cell cycle state,
e.g., stem cells undergo EMT, proliferating transient ampli-
fying cells undergo epithelial migration, and terminally
differentiated cells die. In the first two cases the fate of the
MEE cells involves cytoskeletal modifications facilitating
migration and this may be a key mechanism in palatal MEE
fusion.
The Role of TGF-b3 during Palatal Fusion
TGF-b3 null mutant mice show some of the cleft palate
henotypes observed in man: from complete cleft palate to
arying degrees of anterior–posterior clefting (Proetzel et
l., 1995; Kaartinen et al., 1995). Differences in the pheno-
ype depend on the mouse strain background and on the
egree of penetrance. All the TGF-b3 null palates studied
here showed anterior–posterior clefts.
TGF-b is known to kill cells of epithelial origin (Sporn et
Copyright © 2000 by Academic Press. All rightal., 1987), so we evaluated apoptosis in the TGF-b3 null
palates. These palates showed a marked decrease in cell
death compared to wild-type controls, as only very few cells
were TUNEL-positive both in the midline epithelial seam
and in the epithelium covering the palatal shelves. This
may be due to a lack of TGF-b3-induced apoptosis. Re-
cently, TGF-b3 has been shown to be of crucial importance
in the regulation of intercellular induction of apoptosis
during carcinogenesis (reviewed in Bauer, 1996; Ju¨rgens-
meier et al., 1994). Under the induction of cellular or
exogenous TGF-b3, effector cells produce apoptosis-
inducing factor that triggers apoptosis in transformed cells.
This effect is dependent on the concentration of TGF-b3
(reviewed in Ha¨ufel et al., 1999).
TGF-b3 appears to affect MEE cells prior to contact of the
palatal shelves. By using ESEM, we describe here many
superficial MEE cells bulging in E14 and E15 TGF-b3
wild-type palates, but such cells are rare in the TGF-b3 null
alates. The presence of these bulging cells was previously
bserved in routine histological sections (DeAngelis and
albandian, 1968; Brusati, 1969; Fitchett and Hay, 1989),
ut have never been reported in previous conventional SEM
tudies. On the other hand, SEM demonstrates filopodia on
he MEE surface of TGF-b3 wild-type palates that are clearly
reduced in the TGF-b3 knockout palates (Taya et al., 1999).
hese structures might be different expressions of the same
ellular events, depending on the technique used for visu-
lization. The MEE bulging cells were considered dead cells
hat had to slough off in order to allow the basal cells to fuse
Fitchett and Hay, 1989; Waterman et al., 1973; Waterman
and Meller, 1974). On the contrary, we have evidence here
that these cells are not dead but instead seem to play a very
important role in palatal shelf adhesion. The small number
of bulging cells present on the TGF-b3 null MEE surfaces
are the points of contact and interdigitation between the
opposing shelf epithelia. We believe that the large number
of such bulging and thus interdigitating cells in wild-type
fusing MEE make it difficult to visualize this rapid event.
These bulging cells may be very motile and their bulges
could aid fusion by increasing the exposure of adhesive cell
surface molecules and desmosomes as well as encouraging
physical interdigitation of the cells. The primary action of
TGF-b3 on palatal MEE could, therefore, be to increase cell
otility by altering the organization/composition of cy-
oskeletal components, e.g., actin or cytokeratin, thus fa-
ilitating both fusion and seam disruption.
Limited fusion takes place in the middle third of the
alate in TGF-b3 null embryos where there are also reduced
compared to normal) numbers of cellular bulges induced by
TGF-b3-independent event, e.g., another growth factor.
ther genes are involved in palatal fusion, as breeding the
GF-b3 mutation into a different mouse strain results in an
alteration in the extent of palatal fusion (cleft palate)
(Proetzel et al., 1995), clearly demonstrating the existence
f modifier genes.
Kaartinen et al. (1997) labeled TGF-b3 null palatal MEEwith the vital cell marker DiI and placed the paired palates
s of reproduction in any form reserved.
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355Palatal Fusionin culture. Adhesion between opposing epithelia was pro-
duced, but, as was reported by Brunet et al. (1995) using
TGF-b3-neutralizing antibodies, cells remained in situ after
days in culture resulting in persistent DiI labeling in the
idline seam. These results, together with the observation
f continued expression of MEE cytokeratin and basal
amina laminin, led these investigators to suggest that the
bsence of TGF-b3 prevents basament membrane degrada-
tion and the subsequent transformation of the epithelial
cells into mesenchyme. If, as we hypothesize, TGF-b3 acts
on the MEE cytoskeleton, another explanation of their
results could be an inhibition of MEE migration, thus
resulting in poor adherence and limited seam disruption
due to restricted migration into the oral and nasal epithelia
(Carette and Ferguson, 1992a) and transformation into mes-
enchyme. Perhaps TGF-b3-induced migratory MEE cells
lso express elevated proteases facilitating both migration
nd basement membrane degradation. The persistence of
he basement membrane would then be secondary to an
ltered MEE phenotype. The existence of an “immobile”
EE would explain the absence of bulging superficial cells
n the MEE, decreased numbers of contacts between oppos-
ng MEE, poor MEE adhesion, and the persistence of the
idline epithelial seam, cellular cytokeratins, and base-
ent membrane laminin in the TGF-b3 null palates (Proet-
zel et al., 1995; Kaartinen et al., 1997). TGF-b3 may act
irectly on the cytoskeleton of MEE cells or by inducing
CM synthesis or by modulating other growth factors or
heir receptors (Battegay et al., 1990; Roberts and Sporn,
990; Gehris et al., 1994). A change in the timing of
xpression of TGF-bs in palatal MEE has been reported in
clefts induced by retinoic acid (Mahmood et al., 1995) and
corticosteroids (Jaskoll et al., 1996). However, an interac-
tion with other growth factors should not be ruled out,
since EGF, TGF-a, IGF-II, FGF-1, FGF-2, and PDGF-AA are
resent and play specific roles during palatal fusion (Yoneda
nd Pratt, 1981; Sharpe and Ferguson, 1988; Ferguson, 1988;
arette and Ferguson 1992b; Sharpe et al., 1993; Qiu and
Ferguson, 1995). Interestingly, EGF, which downregulates
TGF-b3 mRNA in the palate (Gehris et al., 1994), inhibits
MEE differentiation (Tyler and Pratt, 1980) and palatal
fusion in culture (Brunet et al., 1993). Further investiga-
tions comparing TGF-b3 null and wild-type palates are
arranted.
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